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Abstract 
Activated carbon (AC) is an organic adsorbent and mostly used to adsorb volatile organic compound pollutants. In the present 
work, AC was produced from rubber wood sawdust via a physical activation method using CO2 gas. Prior to activation process, 
the biomass was carbonized under N2 gas flow of 600 mL/min for 1 h at a corresponding temperature to produce char. The effect 
of activation temperature (700, 720, 740, and 760 °C) and time (60, 90, and 120 min) on the mass yield and characteristics of 
activated carbon was investigated. In overall, the yield of AC decreased when heated at higher activation temperature and 
increased at longer time. Under nitrogen adsorption analysis, surface area and pore volume of AC were determined. At higher 
temperature, surface area and pore volume increased, but excessive heating could break the pore structure. Next, the performance 
of activated carbon was tested in term of adsorption capacity for gas and liquid phase adsorption represented by benzene and 
trichloroethylene, respectively. Preliminary results suggested that the AC could adsorb both compounds efficiently.  
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Nomenclature 
m  mass of AC [mg] 
mo  mass of biomass [mg] 
 mass of adsorbate adsorbed per unit mass of adsorbent [mg/mg] 
V volume [L] 
Co  initial concentration [mg/L]  
C  final concentration [mg/L] 
 
1. Introduction 
Activated carbon is a carbon-rich material processed to have many low-volume pores that could increase specific 
surface area for adsorption or chemical reactions [1]. It is possible to be produced from low cost and abundant 
biomass precursors such as agricultural crops and woods [2]. Generally, there are two methods to create activated 
carbon. Physical activation method is a two-step process which involves carbonization reaction of organic substance 
into char through heating in the absence of oxygen, followed by activation process using an oxidizing gas such as 
air, carbon dioxide or steam at a high temperature [3,4]. This method typically produce AC with fine pore structure, 
making it ideal for adsorbing both liquid and vapour phase compounds [5,6]. Chemical activation method applies 
impregnation of a dehydrating chemical agent such as zinc chloride, sulphuric acid or phosphoric acid onto biomass 
substance prior to heat treatment in an inert atmosphere [7,8]. This technique tends to produce activated carbon with 
large pore structure, making chemically AC more suitable for absorbing big molecules [9].         
   Activated carbon has various applications such as pollutant gas adsorbent, water purification, metal extraction, and 
catalyst or catalyst support [1,7]. Benzene is a volatile organic compound (VOC), colourless, and highly flammable 
molecule. It is an atmospheric pollutant with carcinogenic property and harmful to human. Previously, it was used in 
many consumer products. However, the usage was reduced due to the danger. Nowadays, benzene is an important 
component of gasoline and also a precursor to heavy chemicals, such as ethylbenzene and cumene [10,11]. Benzene 
exposure could happen from tobacco smoke, fuel stations, exhaust from motor vehicles, and industrial emissions. 
Permissible exposure level of 1 ppm in the workplace is set by the U.S. Occupational Safety and Health 
Administration [12]. There are several benzene removal technologies, for instance thermal decomposition, catalytic 
oxidation, and adsorption using activated carbon. The latter is an interesting option due to low energy consumption, 
inexpensive operational cost, and the prospect to reuse the AC using a simple regeneration step [9,11]. 
    Trichloroethylene (TCE) is a volatile organic compound, colourless, and non-flammable liquid. It was used as a 
volatile anaesthetic, but because of the carcinogenic and harmful properties, the usage in medical field was abolished 
[13,14]. Currently, it is used as an effective degreaser for metal parts and a solvent for variety of organic materials. 
Waste and ground water contamination by TCE has become environmental and health concerns [15]. The U.S. 
Environmental Protection Agency has implemented a maximum contaminant limit of 5 µg/L in drinking water [16]. 
Removal of TCE could also be achieved by liquid adsorption using activated carbon. 
    A number of research articles have been published by Shahkarami et al., Veksha et al., Taer et al., Wu et al. and 
Jung and Kim on activated carbon production using a physical activation method which offers foundation and 
guideline for further improvements [2-6]. However, there is a lack of understandings on the performance of activated 
carbon for gas and liquid phase adsorption. Rubber wood has been chosen for this study due to its availability as one 
of the main plantation crops in Asia [17]. This article essentially presents an experimental study of activated carbon 
production from a physical CO2 activation method of rubber wood sawdust whose aims are to investigate: (i) the 
effect of activation temperature and time on the mass yield and characteristics of activated carbon produced; and (ii) 
the performance of activated carbon for gas phase adsorption (represented by benzene) and liquid phase adsorption 
(represented by TCE). 
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2. Materials and methods 
2.1. Feedstock preparation 
Rubber wood sawdust (RWS) was collected from a sawmill in Perak, Malaysia. The biomass was dried in a 
drying oven (Memmert) for 24 h at 110 °C to minimize the free moisture in feedstock which could affect the 
performance of carbonization process [8]. Then, the dried RWS was sieved by a sieve shaker (CISA) to the size 
range of 0.15 to 0.50 mm. After that, the biomass was pelletized to the size of 8.7 x 1.0 x 0.3 cm by a press machine 
at 40 MPa to prevent sawdust particles to be blown out by gas inlet.  
2.2. CO2 Activation  
Fig. 1 illustrates a schematic diagram of the reactor used to carry out carbonization and activation of RWS pellet 
in this study. A quartz tube reactor was connected to a gas inlet and located inside an electric furnace (AS ONE). A 
RWS pellet was loaded into a ceramic boat and situated at the centre of tube furnace. Deaeration process was 
performed under N2 gas flow of 600 mL/min for 2 h to create an inert condition. The furnace was heated up at a 
heating rate of 10 °C/min to a desired temperature (700, 720, 740, and 760 °C). Next, carbonization process was 
started under N2 gas flow of 600 mL/min for 1 h at similar temperature to produce char. After that, 600 mL/min of 
CO2 gas was introduced to activate the char for 60, 90, and 120 min. After activation, activated carbon produced 
was cooled to room temperature under N2 gas flow. The AC was sieved to obtain a particle size between 0.30 to 
0.45 mm. The mass yield percentage was determined from the relation: 
 
     AC yield = (m/mo) x 100              (1) 
 
 
             Fig. 1: Schematic diagram of the activation reactor 
2.3. Benzene adsorption 
    Adsorption experiment of benzene was carried out at a room temperature (25 °C). 16 mg of AC was loaded at the 
center of a glass tube. Total air and benzene flow rate for adsorption was 250 mL/min and concentration of benzene 
in the inlet gas was 5 ppmv. The outlet concentration of benzene was measured by a gas chromatograph/flame 
ionization detector (GC-FID). The adsorption analysis was carried out until there is no adsorption of benzene. The 
adsorption capacity was calculated according to the equation: 
Q ൌV (Co –C)/m               (2) 
2.4. Trichloroethylene adsorption 
20 mL of TCE concentration (400 and 800 mg/L) was put in vials. Next, 1 and 3 mg of AC was put in the vials 
and tightly closed. The four sample vials were put in a thermostat mixer (AS ONE) at 60 RPM and 25 °C. The 
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samples were analysed at 1, 3, 6, 18, and 24 h using a GC-FID (SHIMADZU). The calculation of TCE adsorption 
capacity was done according to the similar Equation 2. 
3. Results and discussions 
3.1. Effect of activation temperature and time 
After each activation experiment, activated carbon product was obtained. Calculation of AC yield was based on 
mass percentage. It is well recognized that the key parameter among operational parameters of activation reaction is 
the activation temperature [3,6]. For the present study, activation experiments of RWS were performed at various 
temperatures (700, 720, 740, and 760 °C). The effect of activation temperature on AC yield is displayed in Fig. 2. At 
higher activation temperature, the yield of activated carbon reduced because more volatile compounds were 
released. However, activation at 720 °C shows a slight increase from the trend. It is suggested that more repetition 
of experimental run needs to be done to improve the accuracy of the data. On the other hand, differences in the 
activated carbon yield are not much. The reason could be of a small increment in temperature variation, for which in 
this case, every 20 °C per increment.  
 
       Fig. 2: Effect of activation temperature on AC yield  
 
Fig. 3 shows the effect of activation time on activated carbon yield. Activation temperature of 740 °C was chosen 
because it produced the highest surface area and pore volume based on Table 1 data. Report from Mohammed et al. 
showed a decreasing trend at longer activation time [9]. However, Fig. 3 indicates an increasing trend at 90 min. 
This result could be attributed to the secondary reaction of volatiles which could cause a carbon reformation on the 
AC material. 
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            Fig. 3: Effect of activation time on AC yield  
 
Surface area and pore volume are important characteristics of activated carbon. Pore volume is the overall 
volume including macropore, mesopore, and micropore volumes. Table 1 summarizes the physical properties of AC 
products. At higher activation temperature, specific surface area increased and similar patterns were observed for 
pore volume and micropore volume. At high temperature, more volatile materials were removed. However, at 760 
°C, the surface area and pore volume decreased. This result indicates that the AC suffered extensive heating which 
could cause cracking and breaking of pore structure, hence reducing the surface area and pore volume. It is also 
worth mentioning that at higher temperature, the micropore ratio which is the ratio of micropore volume divided by 
the total pore volume was decreased. This result points out that micropore formation was reduced and bigger 
macropores were formed. At activation temperature of 740 °C and longer activation time, the trend is not obvious. 
However, it seems that the surface area and pore volume is less at higher activation time. 
 
Table 1: Characteristics of activated carbon 
Activation 
temperature [˚C] 
Activation 
time [min] 
Specific surface 
area [m2/g] 
Pore volume 
[cm3/g] 
Micropore volume 
[cm3/g] 
Micropore ratio 
[%] 
700 60 302 0.154 0.135 87.7 
720 60 311 0.159 0.143 89.9 
740 60 465 0.239 0.186 77.8 
760 60 392 0.201 0.144 71.6 
740 90 348 0.179 0.142 79.3 
740 120 405 0.208 0.153 73.6 
3.2. Benzene adsorption   
Fig. 4 displays the adsorption breakthrough of benzene gas by activated carbon sample synthesized from the 
highest surface area and pore volume (activation temperature of 740 °C and activation time of 60 min). Complete 
adsorption of benzene was achieved until 90 min where benzene molecules easily diffused into AC pores. From 100 
min and onward, the performance of AC decreased due to the build-up of benzene adsorbate film on the surface of 
AC adsorbent. Eventually, zero adsorption was reached after 460 min, meaning that the pores and surface of AC 
was fully covered by layers of benzene molecules. By calculating total area under the curve, the total adsorption 
capacity of benzene by activated carbon was 13.7 mg/mg. 
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       Fig. 4: Benzene adsorption on activated carbon 
3.3. TCE adsorption   
Fig. 5 shows the adsorption of trichloroethylene (TCE) dissolved in water solution with two different 
concentrations (400 and 800 mg/L) by the activated carbon sample of two different masses (1 and 3 mg). Similar 
with benzene experiments, AC from the highest surface area and pore volume was used. For every experiment, the 
adsorption rate of TCE was high at the first six hours, but after that it started to decrease significantly and finally 
achieved an equilibrium state at 24 h. For both concentrations, higher loading of AC increased the rate and amount 
of TCE adsorption. It is worth revealing that at higher TCE concentration and lower AC loading (800 mg/L of TCE 
and 3 mg of AC), the rate of adsorption at the first 3 h was higher when compared to the other conditions. 
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        Fig. 5: TCE adsorption on activated carbon 
4. Conclusions 
Activated carbon from rubber wood sawdust was produced using CO2 activation, carried out at 700, 720, 740, 
and 760 °C for 60, 90, and 120 min in order to study the effects of activation temperature and time on the mass yield 
and properties of activated carbon. One of the main purposes for activation is to obtain activated carbon with a 
higher value of surface area and pore volume, which is preferable in gas and liquid adsorption. In this case, 
activation reaction at 740 °C for 1 hour was recommended for CO2 activation of RWS within the experimental 
conditions in this study. Based on the benzene and TCE adsorption, the AC product is a good adsorbent for gas and 
liquid phases. 
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